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Distance estimate and progenitor characteristics of 
SN 2005cs in M51 
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ABSTRACT 

Distance to the Whirlpool Galaxy (M51, NGC 5194) is estimated using published pho- 
tometry and spectroscopy of the Type II-P supernova SN 2005cs. Both the Expanding 
Photosphere Method (EPM) and the Standard Candle Method (SCM), suitable for 
SNe II-P, were applied. The average distance (7.1 ± 1.2 Mpc) is in good agreement 
with earlier SBF- and PNLF-b ased distances, but slightly longer than the distance 
obtained bv lBaron et al.l (|T996) for SN 19941 via the Spectral Fitting Expanding At- 
mosphere Method (SEAM). Since SN 2005cs exhibited low expansion velocity during 
the plateau phase, similarly to SN 1999br, the constants of SCM were re-calibrated 
including the data of SN 2005cs as well. The new relation is better constrained in the 
low velocity regime (^^(50) ~ 1500 — 2000 km s _1 ), that may result in better distance 
estimates for such SNe. The physical parameters of SN 2005cs and its progenitor is 
re-evaluated based on the updated distance. All the available data support the low- 
mass (~ 9 Mq) progenitor sc enario proposed previously by its direct detection with 
the Hubble Space Telescope l|Maund et alJl2005t ILi et alJl2006(l . 
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1 INTRODUCTION 



The T ype II-P SN 2005cs in M51 was discovered bv lKloehrl 

(2005 ) on June 28 .9 2005. The first spectroscopic data 
jModiaz et afll2005D indicated that this S N was caught at 
very e arly phase, shortly after explosion. iPastorello et alJ 

(2006) presented high-quality UBVRI photometry and op- 
tical spectroscopy obtained during the first month of the 
plateau phase. From their data supplemented by amateur 
observations they could determine a tight constraint on the 
explosion time. They derived JD 2453549 ± 1 (June 27.5 
UT, 2005), which is adopted in this paper, and will be used 
for the distance determination later. They also collected the 
available information for the reddening of SN 2005cs, and 
found E(B — V) = 0.11 ± 0.04 mag, which is consistent with 
the blue colour of SN 2005cs at th e early phase (see Pa- 
storello et al., 2006 for discussion). iTsvetkov et alJ <l2006fi 
published additional photometry extending into the nebular 
phase, from w hich they estimated th e explosion time very 
close to that of lPastorello et ail (120061) (within 0.2 day) and 
a nickel mass Mni ~ 0.018 Mq. 

The progenitor of this S N was studied by ILi et alJ 

l|2006|) and lMaund et alJ d2005h using archival HST images. 
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Both teams have detected the possible progenitor, but only 
in the I band, which led to the conclusion that the progeni- 
tor was probably a red giant. From the I band flux and the 
flux upper limits in the other bands the mass of the progen- 
itor turned out to be relatively small: Mzam s =7 — 9 Mq 



<Li et alJl2003) and Mzams = 7 - 12 M Q llMaund et alJ 
l200^F ~Tne lower limit of these mass estimates are clo se to 
the theoretical limit of core collapse (lHillebranddl2005l) . 

In this paper we present a new distance estimate to 
M51 based on the published data of SN 2005cs. The appli- 
cation of the distance measurement methods are in Section 
2. In Section 3 we compare the SN-based distance to other 
recent distance estimates and derive an average value that 
is consistent with the available information. Finally, we up- 
date the physical parameters of SN 2005cs based on the new 
distance. 



2 DISTANCE MEASUREMENT 

In this section we apply the Expanding Photosphere Method 
(EPM) and the Standard Candle Method (SCM) for esti- 
mating the distance to SN 2005cs. 
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Table 1. Quantities determined in EPM. The columns contain the followings: observational epoch (JD— 2450000), bolometric flux (in 
erg s _1 cm -2 ), temperature (in K), velocity at the photosphere (in km s — 1 ), angular size (in 10 s km Mpc -1 ) and 6/v p h (in day Mpc -1 ). 
The uncertainties are in parentheses. 
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2.1 Expanding Photosphere Method 

The Expanding Photosphere Method jKirshner fe Kwanl 



,1974) derives distance of an optically thick, homologously 
expanding SN atmosphere, radiating as a diluted blackbody. 
These assumptions are expected to be close to the real phys- 
ical situation in a dense atmosphere of a Type II-P SN at 
the early plateau phase, when the ejecta is almost fully ion- 
ized, and electron scatte ring dominates the true absorption 
jDessart fc Hillierl 120 05 ). Since SN 2005cs was observed in 
the first 30 days of the plateau phase, this is a promising 
object for the application of EPM. 

We hav e applied the „ bol ometric" version of EPM 
described bvlVinko et all (|2006l) The BVRI photometric 
data from iPastorello et al.l (|2006) were dereddened using 
E(B — V) = 0.11, then transformed in to fluxes using the 
calibration given bv lHamuv et al.l i200ll) : 
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where W\ is the FWHM of the given filter, m is the dered- 
dened magnitude, mo is the zero-point of the magnitude 
scale. 

From these quasi-monochromatic fluxes, the bolomet- 
ric flux fboi was estimated for each epochs by numerically 
integrating fx using the effective wavelengths and FWHM 
values of the BVRI filters. The missing fluxes in lower and 
greater wavelengths were extrapolated lineary from the B- 
and J-band fluxes, ass uming zero flux at 3400 A and 23000 
A ijVinko et al.ll200fit ) . 

The angular radius was derived from the bolometric 
light curve as 



fbol 



C 2 (T) o T 



eff 



where f ao i is the observed bolometric flux, T e // is the effec- 
tive temperature and C(^) is the dilution factor. 



The effective temperatures were estimated by fitting a 
blackbody to the fluxes in B, V and I bands. The R band 
was omitted because o f the presence of the Ha emission 
line. IVinko et alJ d2006l) has recently demonstrated that the 
total flux of the blackbody corresponding to temperature 
Tbvi produces a reasonable distance estimate, although the 
spectral flux distribution of the SN is, of course, not exactly 
Planckian. Fortunately, the deviation from the blackbody 
curve is not so severe at the early phases, when SN 2005cs 
was observed, but becomes more and more pronounced after 
t > 20 days, when the lines of ionized metals appear in the 
spectrum. 

The dilution factor C,(T) comes from model atmo- 
spheres. We have applied the dil ution factors derived re- 
cently by [Dessart fc Hillierl J2005). They determined £ for 
the first 30 days of the plateau. They also argued that EPM 
should be applied for phases earlier than 30 days, because 
of the failure of the blackbody assumption at later phases, 
when metallic lines dominate the photospheric spectrum. 
Note that their model atmospheres had Te// < 20000 K, 
thus, the dilution factors are valid only in the range of 
4000 < T e ff < 20000 K (see Fig. 1 of iDessart fc Hillierl 
(2005S)). 



The dilution factors of IDessa rt fc Hillier] l|2005|) are sys- 
tematicaly higher than those^f TEastan^m^t^lT i ^9^) . This 
has the consequence tha t the distances computed from the 
IDessart fc Hillierl ((2005) dilu tion factors are syste matically 
longer than those from the lEastman et alJ lll996l) dilution 
factors. It is not clear why these two set s of model atmo- 
sphere s give different dilution factors, but IDessart fc Hillierl 
( 2006) provided a convincing evidence that their data result 
in a distance to SN 1999em, which is in good agreement 
with the Cepheid-based distance to the host galaxy, while 
the calculation based on the earlier set of dilution facto rs 
give a distance that differs by 50 % dLeonard et al.l l2003). 
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We have calculated the distance by applying the linear 
equation 

t = t + D— (3) 

Vph 

where to is the moment of the explosion, v p h is the photo- 
spheric expansion velocity at epoch t and D is the distance. 

The velocity data were selected from iPastorello et alJ 
(2006) and were interpolated to the epochs of the photo- 
metric data. In the first days, when there are no metallic 
lines in the spectrum, we used the velocities inferred from 
the He I A5876 line. This line is a good indicator of the 
photospheric velocity at the early phases. According to our 
parametrized model spectra of Type II-P SNe (Vinko, in 
preparation), the velocities from He I A5876 match the in- 
put photospheric velocities of the model spectra within ±2 
%. After JD = 2453557 the Fe II A5169 line was used, which 
is the standard one for computing photospheri c velocities in 
SNe II-P atmospheres (IDessart fe Hilriedl200sh . 

The derived parameters for SN 2005cs are listed in Ta- 
ble Q Note that the first 6 points were omitted from the 
fitting, due to the following reasons. The estimated temper- 
ature of the first 4 data is over 20000 K, outside the tempera- 
ture range of the dilution factors (see above). The next two 
points have the highest errorbars of their fitted Tgff, and 
the theoretical dilution factors of iDessart fe Hillierl (I2005T) 
also show large scatter around these temperatures. More- 
over, our approach for computing the bolometr ic fluxes has 
been tested to work well only for T < 10000 K J Vinko et alJ 
2006). The bolometric fluxes are underestimated above this 
temperature, due to the very approximative treatment of 
the UV flux, which has significant contribution at high tem- 
peratures. 

Because the moment of the explosion of SN 2005cs 
could be de termined with very sm all uncertainity (JD = 
2453549 ± 1 IPastorello et alJ fcOOdl ). at first, we kept this 
parameter fixed and derived only the distance. This resulted 
in D = 8.34±0.30 Mpc (Fig-EJ. The ±1 day uncertainity of 
the explosion epoch changes the distance with ±0.34 Mpc. 

Secondly, when to was treated as a free parameter, the 
distance decreased to D — 6.84 ± 0.18 Mpc. The explosion 
epoch turned out to be to = 2453553.39 ± 0.52 JD. This is 4 
days later than the one coming from the photometric data, 
and clearly inconsistent with the observations (the discovery 
date is 2 days earlier). However, the slightly lower distance 
describes the observed data better, than the previous one 
(see Fig. 0- 

It is difficult to explain why the two EPM solutions 
give different distances by ~ 20 %. The inclusion of the first 
6 data that were disregarded before (see above) does not 
change either solution significantly. In the first case, they 
are too close to the explosion epoch which is fixed, thus, the 
slope of the fitted line remains unchanged. In the second 
case, when the explosion epoch is also fitted, surprisingly, 
the first 6 points lie nicely close to the line fitted to the 
other data. Thus, the varying uncertainties of our bolometric 
fluxes, although undoubtedly present, cannot fully explain 
the ~ 20 % inconsistency between the EPM solutions of 
fixed and variable explosion epoch. 

Another possible reason is the systematic error in the 
measurement of the photospheric velocity. Since we are us- 
ing published velocities, and the original spectra are not 



at our disposal, we cannot quantify the amount of their 
potential systematic error better than estimating the er- 
ror bars according to the resolution of the spectra given 
bv IPastorello et alJ ll2006l) . Then, as a test, we have sys- 
tematically increased all velocities in Table by 1 o and 
refitted to and D. As a result, the distance increased to 
7.5 ± 0.2 Mpc, but the explosion epoch remained the same, 
to — 2453353.37 ± 0.4 JD. Thus, systematic underestimate 
of the velocities may result in the underestimate of the dis- 
tance, but it does not solve the problem of the computed 
explosion epoch that is still too late. 

The most problematic part of EPM is, of course, the 
issue of the dilution factors that are computed from com - 
plex models of SNe atmospheres JPessart fe Hillierl l2005h . 
Despite the continuous efforts for improving them, they 
may still contain some sort of systematic uncertainty, 
beside the statistical errors that are ~ 5 % between 
4000 < Tbvi < 8000 K, but increase up to ~ 20 - 30 
% for Tbvi > 12000 K (see Fig. 1 of IDessart fe Hillierl 
(2005)). For comparison, the whole analysis was repeated 
with the use of the dilution factors bv lEastman et al] jl996f) 
that are systematically lower at a given temperature (see 
above). As expected, this resulted in significantly lower dis- 
tances: D = 6.37 ± 0.12 Mpc (with t = 2453349 fixed) and 
D = 5.40 ± 0.13 Mpc (with 'to = 2453353.8 ± 0.4 fitted). 
Their average, 5.88 Mpc is below the other M51 distances 
determined independently (see Sect. 3), similarly to the case 
of SN 1999em mentioned ab ove. These results suggest that 
the IDessart fe Hillierl (120051) dilution factors provide a bet- 
ter EPM-distance when applied to data obtained during the 
first month of the photospheric phase, at least in the case 
of SN 2005cs. However, regardless of the dilution factors, 
there seems to be a persistent problem with the explosion 
date, i.e. the best-fitting EPM solution predicts an explosion 
epoch which is clearly too late with respect to the earliest 
observations. This is a warning sign that the assumptions of 
EPM, for example the spherically symmetric ejecta, may be 
incorrect. 

Nevertheless, we decided to consider the average of the 
two original EPM-solutions in estimating the final distance 
(see Section 3). Therefore, D = 7.59 ± 1.02 Mpc has been 
adopted as the best EPM-distance to SN 2005cs. 

Note that Eq. 3 was derived by neglecting the radius 
of the progenitor with respect to the term v p h(t — to), 
as usual. Taking into account the progenitor radius Ro in 
8 — (Ro + v p h(t — to) )/D increases the EPM-distance. In 
the case of SN 2005cs, setting _Ro = 500 -Rq results in a 6 % 
increase of the distance. However, it is shown in Sect. 3 that 
SN 2005cs probably had a smaller initial radius of ~ 180 -Rq , 
which has negligible effect on the distance (about 2 %). 

2.2 Standard Candle Method 

The Standard Candle Method (SCM) is based on a 
luminosity-velocity relation at 50 days after explosion, ap- 
proximately in the middle of t he plateau pha se. This method 
was calibrated using 24 SNe dHamuvll2005Tl . More recently, 
iNueent et alJ d2006l) refined the relation by adding two local 
SNe to the calibrating sample, re-formulated and extended 
the method to cosmological distances. 

We tried to apply S CM for SN 2005 cs in two ways. First, 
the original relation bv iHamuvl ll2005l) was considered. For 
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Figure 1. Distance determination with EPM. The distance and 
the explosion epoch are obtained from the fitted line. Continuous 
line: fixed explosion epoch; dotted line: fitted explosion epoch. 
The data marked by open circles were omitted from the fitting 
(sec text), but their inclusion do not change the results signifi- 
cantly. 



this purpose, one needs the V and I magnitudes and the ex- 
pansion velocity obtained on the 5 0th d ay after explosion. 
Since the data of iPastorello et all | |200fJ) do not re a ch thi s 
phase, we used the photometry of iT^vet kov et ail 1 2006). 
which is in good agreement with the data of lPastorelloe^il] 
f 20.06) . V(50) = 14.69 ± 0.1 mag and 7(50) = 13.96 ± 0.1 
mag was determined by linear interpolation. Unfortunately, 
there are no published velocity data of SN 2005cs extend- 
ing into day +50, so we had to estimate this parameter. 
First, the velocity curves of S N 2005cs and the other low- 
velocity Type II-P SN 1999br (lHamuvll2o6"ll) was matched, 
and the combined curve was used to estimate the velocity at 
day 5 0. Secondly, we applied the formula bv lNueent et alJ 
jooj) v ph (50) = v ph {t) ■ (t/5 0) 0464 for the last two pub- 
lished velocities of SN 2005cs jPastorello et al.ll2006|) . The 
first method gave v p h ~ 2020 km s _1 , while in the second 
case the average of the predicted velocities was ~ 2047 km 
s -1 . Finally, v p h(50) = 2030 ± 300 km s" 1 was adopted as 
an average. 

Substituting these values into the formulae of IHamuvl 

J2005ri . D v = 6.13 ± 0.8 Mpc and Di = 6.55 ± 0.9 Mpc was 
derived for the distance of SN 2005cs (Table HJ. 

Because SN 2005cs was a low- velocity SN, and such 
Type II-P SNe are represented only by SN 1999br in the 
calibrating sample, we decided to recalibrate the SCM in- 
cluding SN 2005cs as well. This new relation is expected to 
be better constrained in the low velocity regime, thus, it 
may predict more accurate distances for such SNe. 

Of cou rse, one needs independent distances for such 
calibration. IHamuvl i2005T) used the Hubble-flow velocities 
for computing the distances. However, the host galaxy of 
SN 2005cs, M51, is too close to get reasonable estimates of 
its distance from redshift. 

Therefore, we have adopted the weighted average of all 
the distances of M51 except the value from SCM, using the 
reciprocal of the errorbars as weights (see Table 01 in Section 
3.1). This resulted in D = 7.25 ± 1.21 Mpc, which is slightly 
less than the average EPM-distance (7.59±1.02 Mpc) deter- 
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Figure 2. The absolute magnitude — velocity diagram in V (top) 
and I (bottom) band. For SN 2005cs, the distance of 7.25 Mpc 
was applied ( see te xt). The other 26 SNe in V and 19 in I are 
from lHamuvl <2005l) and lNugent et alJ <200rl . 



mined above. Fig.|2]shows SN 2005cs on the absolute magni- 
tude - velocity diagram wit h the other cal ibrat ing SNe (26 in 
V- an d 19 in J-band) from lHamuvl <2005l) and lNugent et alJ 
(2006). It is seen that most of them have a velocity greater 
than 3000 km/s. Only SN 1999br and SN 2005cs are in 
the low velocity regime. They have similar velocities, but 
SN 2005cs is brigther by almost 2 magnitudes. 

The calibrating sample was fitted by the following equa- 
tion of SCM: 



■A- 



a ■ log ( 



V50 

5000 



5 • log(HoD) 



(4) 



where m is the observed magnitude ( in V or 7), A is the 
extinction, Ho — 73 km (s Mpc) -1 t'Ri ess et al.ll2005Tl is 
the Hubble-constant, D is the distance, a and b are the fitted 
constants. 

The results of the fit are seen in Fig- El (^) an d in Fig. 
21 (I) ■ The fitted constants a and b are collected in Table |21 
The inclusion of SN 2005cs changed mainly the constant a, 
the slope of the luminosity-velocity relation. 

With the new constants the distance of SN 2005cs was 
re-evaluated. These values are also seen in Table |5] All of 
them are lower than the EPM-distance with fixed explosion 
epoch. The agreement is better with the EPM-distance with 
fitted to (see the previous section). However, we stress that 
the present application of SCM is only preliminary, because 
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Table 3. Comparison of the published and our distance estimates 
of M51. Errors are in parentheses. 
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Figure 3. The Hubble-diagram from V magnitudes corrected for 
expansion velocities. The constant b (Eq.|3J is obtained from the 
fitted line. 
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Figure 4. The same as Fig. [3] but for / magnitudes. 



i) it is based on velocities derived by extrapolation and it) 
the low- velocity SNe are represented very poorly in the cali- 
brating sample (only two objects including SN 2005cs itself), 
making the SCM-distance more uncertain. We conclude that 
the SCM-distance to SN 2005cs is D = 6.36 ± 1.30 Mpc. 



Table 2. The derived con stants a and b of Eq.|3]in V and / bands 
and the same data from iHamuvl 120051) . The obtained distances 
of SN 2005cs (in Mpc) are also shown in the last column. 





a 


b 


D 


Hamuv (2005) 


6.564 (0.88) 


1.478 (0.11) 


6.13 (0.8) 


V this paper 


6.193 (0.57) 


1.407 (0.08) 


6.35 (1.3) 


Hamuv ( 20051 


5.869 (0.68) 


1.926 (0.09) 


6.55 (0.9) 


I this paper 


5.821 (0.57) 


1.848 (0.09) 


6.37 (1.3) 



Method 



Distance (Mpc) Ref. 



YSA 

PNLF 

SBF 

SN 19941 

SN 19941 SEAM 

EPM 

SCM 



6.91 (0.67) 
7.62 (0.60) 
7.66 (1.01) 

6.92 (1.02) 
6.02 (1.92) 
7.59 (1.02) 
6.36 (1.30) 



Georgiev et al. C19901 
Ciardullo et al. (20021 
Tonrv et al. ('20011 
Iwamo^^^d^ (1994) 
Baron et al. (19961 
present paper 
present paper 



average 



7.1 (1.2) 



3 DISCUSSION 

3.1 The average distance to M51 

M51 is a very well-known galaxy, but its distance was 
determined only a few tim es between 1974 and 2005. 
ISandaee fc Tammannl lll974t) derived 9.6 Mpc using sizes of 
H II regions. Although they did not specify the errorbar of 
their result, it is probably more uncertain than the o ther, 
more recent distance estimates. iGeorgiev et all dl99fJl got 
6.91 ± 0.67 Mpc from the photometric properties of yo ung 
stellar associations (YSAI. lFeld meicr & Ciardullcl Jl997ll de- 
termined 8.39 ± 0.60 Mpc using planetary nebulae luminos- 
ity function (PNLF), but later they revised it as 7.62 ± 0.60 
Mpc using improved reddening (ICiardullo et alJ 2002). From 
surface brightness fluctuation (SBFI lTonrv et alJ i2001Tl ob- 
tained 7.66 ± 1.01 Mpc. 

The Type Ic SN 19941 also gave a chance for distance 
determinati on to M51. By f i tting theoretical light curves to 
observations llwamoto et al] (Il994l1 got D = 6.92±1.02 Mpc. 
With th e spectral-fitting e xpanding atmosphere method 
(SEAM1 iBaron et alJ Jl99rJl derived 6.02 ± 1.92 Mpc. 

Table |3] contain s the various M51 distances (except 
that of Sandag e fc Tamm ann ( 1974), which deviates mostly 
from all the other ones) together with our results based on 
SN 2005cs. Adopting their average, the final distance to M51 
turns out to be 



7.1 ± 1.2 Mpc. 



3.2 Physical properties of SN 2005cs 

The physical parameters of SN 2005cs are sensitive to the 
distance used to derive these parameters. All the previous 
studies fLi et alJl2006t iMaund et alJl2005t iPastorello et alJ 
120061 ITsvetkov et al.ll200dl adopted the S BF-distance D = 
8.39 Mpc bv lFeldmeier fc Ciardullo! il997tt . which was actu- 
ally shortened to 7.62 Mpc by the s ame authors in a sub- 
sequent paper (Ciardull o et alj|2002» . Thus, the published 
parameters of SN 2005cs may need some revision based on 
the updated M51 distance. 

We have calculated some of the physical parameters 
adopting the average M51 distance (D = 7.1 Mpc) from the 
previo us section. Using the light curves of ITsvetkov et all 
(2006), the middle-plateau absolute magnitudes (corrected 
for reddening with E(B - V) = 0.11) are M v (50) = 
-14.88 ± 0.3 and M/ (50) = -15.46 ± 0.3. For comparison, 
ITsvetkov et~aT] J2006T) determined M v (50) = -15.33, which 
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Table 4. The inferred physical parameters of SN 2005cs, based on D = 7.1 Mpc and E(B — V) = 0.11 mag. See text for explanation. 
The errors are in parentheses. 



My (50) 


Afr (50) 


Mf 09 


«ph(50) 


M Ni 






n i 


Mprog 


(mag) 


(mag) 


(mag) 


(km s" 1 ) 


(Mq) 


(10 51 erg) 


(Mq) 


(Rq) 


(Mq) 


-14.88 


-15.46 


-5.5 


2030 


0.009 


0.19 


8.3 


177 


9.6 


(0.3) 


(0.3) 


(0.7) 


(300) 


(0.003) 


(0.15) 


(5.3) 


(150) 


(5.3) 



is ~ 0.4 mag brighter, because of their longer adopted dis- 
tance. From t he correlation between the Ni-mass and My 
jHamuvH200iih . the calculated Ni-mass is M Nl » 0.009 ± 
0. 003 Mq. Again, this is somewhat less than the value given 
bv lTsvetkov et alJ §006) (~ 0.018 Mq). However, this less 
amount of synthesized Ni is in better agreement with the re- 
lation o flHamuvl <l2003i) between the Ni-mass and the middle- 
plateau photospheric velocity. For Mat; ~ 0.009 Mq this 
relation predicts v p h{50) ~ 2200 km s~ , which is in good 
agreement with ~ 2 030 km s _1 determined in Sect. 2.2. 
iTsvetkov et"afl fcOOrj) estimated v ph (50) ~ 2600 km s" 1 , 
which is too high, since the observed velocity is already 
~ 2200 km s _1 at day +35 (see Table 

The physical parameters for the p rogenitor star hav e 
been derived from the formulae given bv lNadvozhinl |2003). 
These equations relate the explosion energy, ejected enve- 
lope mass and initial radius to the plateau absolute magni- 
tude, explosion velocity and plateau duration. Using My ~ 

— 14.88 mag, v p h ~ 2030 km s _1 estima ted above, and 
At v ~ 86 days from the light curves of ITsvetkov et alJ 
(2006), E expl = 0.19to ll ■ 10 51 erg, M ej = 8.3±|;g Mq and 
Rini = 177^100 -^Q nas been calculated for the explosion 
energy, envelope mass and radius, respecti vely. These are 
in goo d agreement with the ones given by ITsvetkov et alJ 
(2006), despite the somewhat shorter distance applied in 
this paper. The absolute magnitude of the progenitor was 
also updated using the magnitude estimates from HST- 
photometry. For the observ ed brightness of the likely pro- 
genit or star. iLi et al l fcOOd) reported I = 24.15 ± 0.2 mag, 
while iMaund et alJ (I2005T) got / ~ 23.3 mag, about 1 mag 
brighter. The average of these is ~ 23.7 ± 0.6 mag, which 
is adopted here. Using the 7.1 Mpc distance, the absolute 
/-band magnitude is Mf r ° 9 —5.5 ± 0.7 mag, which is the 
same as the result of lLi et ail l|2006F) . Although their progen- 
itor brightness is fainter than the average value used here, 
they adopted a longer distance to M51, leading to the same 
absolute megnitude. 

The inferred physical parameters of SN 2005cs and its 
progenitor are summarized in Table 

From the envelope mass of ~ 8 Mq, the progenitor 
mass M P rog can be calculated by adding the estimated mass 
of the compact remnant of the core-collapse process. As- 
suming that it is a neutron star, its mas s is estimated as 

- 1.3 ± 0.5 Mq dFrver fc Kalogerall200ll) . The progenitor 
mass is then M prog — 9.6 ± 5.3 Mq, which is in good agree- 
ment with the mass of 7 - 9 Mq estimated from the direct de - 
tection of the progenitor iLi et all2006tlMaund et all2005() . 
as it was also found bv lTsvetkov et alJ a2006r) . On the other 
hand, it se ems to be in contrast with the theoretical pre- 
diction by IZampieri et alJ (|2003h that low-luminosity SNe 
II-P, such as SN 1999br and SN 1997D may occur from 
a peculiar, low-energy explosion of a more massive super- 



giant star of ~ 15 - 20 Mq. SN 2005cs was definitely such 
a low-energy, low-luminosit y SN, as it is also ind icated by 
its low expansion velocity l|Pastorello et al.ll2006|) . because 
the explosion energy derived above is the lowest among the 
energies o f other SNe II-P determined in similar way (see 
Table 2 of iNadvozhinl lEo0 3)). It is even lower than the one 
inferred bv lZampieri et alJ (12003^ for SN 1999br (~ 0.6- 10 51 
erg), whi ch had lower expansion velocity than SN 2005cs. 
Although iPastorello et alJ i2006T) argued that the mass of 
the progenitor may be underestimated from its observed 
7— band flux, the explosion characteristics of SN 2005cs are 
in better ag reement with th e lo w-mass progenitor sc enario 
proposed bv lLi et alJ fcOOd) and lMaund et alJ d2005l) . 

The consistency of the inferred progenitor mass and ra- 
dius can be tested with the prediction of the evolutionary 
tracks. We have ap plied the Padova evolutionary models 
jBressan et alll 993l with Z = 0.02 and Z = 0.008. For both 
metallicities, the M = 7 Mq models have R ~ 180 Rq ra- 
dius at K3 - K4 spectral type (T e // ~ 4000 K), near the end 
of their calculated evolutionary track. This is also in good 
agreement with th e K - M spectral type estimated fro m the 
HST flux limits iLi et alJ l20oi IMaund et aDl2005l) . The 
M > 9 Mq models have R > 300 Rq in this spectral 
type regime, regardless of metallicity. Note, however, that 
the progenitor parameters estimated above are quite uncer- 
tain, therefore the larger, more massive progenitor scenario 
cannot be ruled out from these data alone. It is concluded 
that the available information may suggest a consistent pic- 
ture for SN 2005cs and its progenitor, namely a low-mass, 
(M ~ 9 Mq) K3 - K4 spectral type supergiant that showed 
a low-energy explosion (E exp i ~ 0.2 ■ 10 5 erg) producing 
an underluminous (My (50) ~ — 15 mag), slowly expanding 
(v ph (50) ~ 2000 km s" 1 ) Type II-Plateau SN. 
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